Abstract-Parkinson's disease, an idiopathic and degenerative disorder of the central nervous system, is characterized by increased reaction times (by as much as 0.1 sec) in voluntary movements and often results in among other symptoms unintended tremulous (oscillatory) motion of body parts not in action, termed as Parkinsonian tremor. There are however no definitive diagnostic test that can confirm the presence or severity of Parkinson's disease. This is a serious handicap especially since the drugs usually prescribed to control these symptoms have serious side effects and their dosages have to be tuned extensively. In the current work, we view an increased sensorimotor loop delay in Parkinson's Disease as a key distinguishing feature and hypothesize that this increased delay causes Parkinsonian tremor (as instability-induced oscillations). Through simulations and tests with two table-top experiments, we use this premise to gain further insight into the mechanism behind Parkinsonian tremor and draw qualitative observations about the features of tremors that could be used for diagnosis of Parkinson's disease and estimating its severity. We further discuss possibilities for a low-cost device or a smartphone app for diagnosis. We further explore ideas for detection of Parkinson's disease, before tremors develop.
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In the current work, we view an increased sensorimotor loop delay in Parkinson's Disease as a key distinguishing feature and hypothesize that this increased delay causes Parkinsonian tremor (as instability-induced oscillations). Through simulations and tests with two table-top experiments, we use this premise to gain further insight into the mechanism behind Parkinsonian tremor and draw qualitative observations about the features of tremors that could be used for diagnosis of Parkinson's disease and estimating its severity. We further discuss possibilities for a low-cost device or a smartphone app for diagnosis. We further explore ideas for detection of Parkinson's disease, before tremors develop.
Index Terms-Parkinson's Disease, Diagnosis of Parkinson's Disease, Limit cycle, Low cost device.
I. INTRODUCTION
P ARKINSON'S disease (PD) is an idiopathic and degenerative disorder of the central nervous system [1] . It is characterized by increased reaction times (by as much as 0.1 sec) in voluntary movements [2] and often results in unintended tremulous (oscillatory) motion of body parts not in action [3] [4] , especially in hands, termed as Parkinsonian tremor. Although computer tomography (CT) and magnetic resonance imaging (MRI) of brain, which usually appear normal in PD patients, are sometimes used to rule out some other disorders that could give rise to similar symptoms, there is, unfortunately, no diagnostic test that can confirm the Parkinson's disease [5] . Not surprisingly, there are increasing efforts, and yet an unmet need, to model Parkinsonian tremor as it can not only help in developing ideas for diagnosis of the V. Shah is a doctoral student in Mechanical Engineering at Indian Institute of Technology (IIT) Gandhinagar.
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Manuscript received XXXX disease, but also help in understanding the mechanism behind the tremor.
In one of the approaches to this end, statistical analyses of tremor data have been used to characterize some properties of the Parkinsonian tremor that are different from other types of tremors [7] . For example, these efforts have revealed that the Parkinsonian tremor is the outcome of nonlinear deterministic processes, whereas a physiological tremor is an outcome of linear stochastic process driven by white noise originating from uncorrelated firing motoneurons. Although these statistical tests may be used as quick and simple tools to differentiate certain types of tremors, they are not based on any known features or properties of the underlying disease, and offer little to confirm the diagnosis.
In an alternative modeling approach, empirical mathematical models are proposed that can simulate Parkinsonian tremor, for instance, a limit-cycle-exhibiting system such as the Van-DerPol oscillator can be fit to experimentally measured data [10] . But such an approach again lacks physical underpinnings and cannot explain some of the key features observed in experimental measurements like why a patient trying to keep still would exhibit tremors (referred to as rest tremors) [9] , whereas a patient involved in engrossing physical or mental activity may not exhibit tremors. However, these models indicate that Parkinsonian tremor may be limit cycle oscillations [10] [6] .
Recently, [11] presented arguments based on a controlsystem analogy that supports the hypothesis that Parkinsonian tremor may indeed be limit cycle oscillations, and established a direct logical connection between increased sensorimotor loop (sensory-motor loop) delay and limit-cycle behavior of the Parkinsonian tremors.
In the current work, we view the increased sensorimotor loop delay in PD as a key distinguishing feature and hypothesize that this increased delay causes Parkinsonian tremor. The view that the increased sennorimotor delay is a key aspect of PD is well-supported by the observation that the primary symptoms of PD are related to dysfunction of the sensorimotor circuit [23] . Furthermore, the increased reaction times (by as much as 0.1s) observed in PD patients as compared to the healthy individuals [13] , [14] , [15] , [16] , [17] also points to this. While there could be multiple delays in the forward and feedback loops in the sensorimotor loop originating from different components of the senorimotor loop, and it is unclear which ones affect tremors, we show later that our analysis is valid irrespective of which component is contributing.
We further view the motor-control loop of a healthy individual as a well-functioning control system, and see the increased loop delay in PD as a control-system fault giving rise to instability-induced oscillations (tremors). We then investigate the following key questions.
1. Is the above premise true? If so, there should be some common trends and patterns observed in any instabilityinduced oscillation (caused by a delay in a feedback control system) independent of the physical system that we are looking at.
2. Does this premise explain any clinically observed features of Parkinsonian tremor?
3. Do these instability-induced oscillations display certain features or patterns that can be used for diagnosis and disease monitoring?
4. Is there a way to exploit this idea to develop techniques for early diagnosis before tremor appears?
To answer the above questions, the rest of the paper is organized as follows. Sections II and III describe the model architecture and the simulation model and two bench-top motion control experiments that we use in this paper, while section IV tests the hypothesis in question 1 through simulations and experiments. Section V attempts to answer question 2. In this section, based on clinical observations made in the literatures, we see through simulations and experiments if the model architecture proposed corroborates the clinical observations. Section VI, VII and VIII focus on question 3. Section VI again employs simulation results and experimental tests to extract insight and features of the tremors that can potentially be used for diagnosis. Section VII and VIII explores the idea of low cost devices for diagnosis of Parkinsons disease. Section IX attempts to answer question 4 and explains how the sensorimotor loop delay can be modeled from the perspective of developing simplied models and then explores the ideas that could be employed for early diagnosis before tremor appears. Finally, section X include some of the discussion on the diagnosis of the disease and future areas of work before closing with a few concluding remarks.
II. MODEL ARCHITECTURE
To answer the questions raised, we adopt a simple feedback control system model architecture representing the motor control of a body part along similar lines of [11] as depicted in Fig. 1 . Note here that each block represents a basic element and arrows represent the flow of information.
If there were no neural control, the model that governs the dynamics of any body part (e.g. hand) is what is referred to as "plant" in control-system perspective. The controller (in this case the brain) manipulates the input to the plant to achieve the desired output (in this case the desired velocity of body part). To this end, the controller is continuously comparing the actual velocity (from sensory feedback) with the desired velocity, and modulating the plant accordingly to achieve the desired velocity. Thus the total motor response is modeled as a closed-loop feedback control system as shown in Figure 1 , in which the feedback path represents all sensory feedbacks, while the controller represents the neurosystem's logic that determines muscle actions.
The necessary fault in the control logic to describe the diseased condition can be represented as the increase in the sensorimotor loop delay, referred to as "transport delay" in the closed-loop feedback system. Previous studies with reaction times indicate that this loop delay could be higher in PD by as much as 0.1 seconds [1] [2] as compared to disease-free individuals. Finally, the physiological limit of the transmission of neural control actions [12] is represented as a saturation function that imposes a bottleneck on control input to the plant. The simulation model and the two table-top experiments in the sections that follow, all have saturation and delay, the two crucial features to model the pathology of the feedback control in PD, but otherwise have very different plants and controllers and hence together serve to investigate common trends and patterns pertaining to all the four questions without needing a more realistic or fully featured models of the neural control and of the mechanics of human body.
III. SIMULATION MODEL AND TABLE-TOP EXPERIMENTS
As mentioned in the previous section, we use simulations and simple table-top experiments that follow the model architecture in Figure 1 to explore Question 1. Note that the details of the plant and the controller are irrelevant as we are exploring broad qualitative observations. Simulation Model: Instead of using a complex human body model, we use simple pendulum as the plant to explore the answers to the four questions. The pendulum has length L, mass m, and the damping coefficient c. The state-space form for the above simple pendulum model linearized about the stable equilibrium iṡ
where x = [θθ ] ∈ R 2 is the state vector with θ being the angle of the pendulum, u ∈ R is the controlling torque on the pendulum as determined by the controller based on the feedback y ∈ R, which is the measured angular velocity of the pendulum, and 
Here, we take a typical range of the parameters L and m as varying from 0.55m − 0.75m and 2.5Kg − 4.5Kg, respectively and c as 3.375Kg.m/s. Again, instead of using detailed neurosystem model, it suffices to use a simple controller to investigate the four questions. Hence, we use a ProportionalIntegral-Derivative (PID) controller with the proportional gain k P = 15, integral gain k I = 4 and derivative gain k D = 0.5.
Note that since the objective of this paper is to derive qualitative observations relating to Parkinsonian tremor, the values of the parameters are just indicative.
Experimental Setups: We consider two motion control experimental setups, an angular position control experiment for a servo motor and a rotary inverted pendulum balancing experiment. The former is a first-order, linear, stable system and the latter is a fourth-order, non-linear, unstable system. Thus, these two systems provide two very different platforms for validating the hypotheses and clinical observations as per Question 1 above. Furthermore, the controller used in the servo position system is a Proportional-Derivative controller whereas a LQR (Linear Quadratic Regulator) controller is used in the rotary inverted pendulum system. With these motion-control experiments, we first construct and verify a stable closed-loop control system with Proportional-Derivative and LQR controllers, respectively, and then experimentally observe the effect of delay and saturation (as in Figure 1 ) and see if the experiments along with simulations of simple pendulum control system described earlier can explain the hypothesis and clinical observations the same way as does the simulation. Both of these experiments are based on a QUBE Rotary Servo Experiment from QUANSER as shown in Figure 2 . 
IV. THE PREMISE OF PARKINSONIAN TREMOR BEING DELAY-INDUCED LIMIT CYCLE
In this section, we break the premise of question 1 into two testable hypotheses and try to validate our hypotheses through simulations and then attempted to support these observations with the help of table-top experiments. We describe results for the servo position control experiment in more detail and keep discussion relating to the rotary inverted pendulum experiment brief whenever they show similar results.
Hypothesis 1:
The increased sensorimotor loop delay in PD is the cause of Parkinsonian tremor [11] .
To explore the effect of the sensorimotor loop delay, when an individual is trying to stay at rest, we start with zero intended velocity in our pendulum simulation model with length and the mass 0.65m and 3.5Kg respectively and a small initial condition (initial angle of 0.1rad), and try four various time delays. From Figure 3 , it can be seen that there are no oscillation for smaller time delays 0.05s and 0.1s, whereas for larger time delays of 0.15s and 0.2s we observe oscillations. Thus, it corroborates hypothesis 1.
In the experimental setup, for lower delay (below 0.03 s), no oscillations are observed and the system converges to the desired reference value. When we introduce a larger delay, such as 0.05 s, and saturation limits of -10 to 10 units to servo position control system, oscillations are observed. The fact that oscillations are only observed beyond a certain threshold again confirms hypothesis 1. These observations are easily explained from a theoretical standpoint as increased delay in an otherwise stable closed-loop control system has the tendency to lead to instability, which is then restricted to finite-amplitude oscillations due to the saturation in the loop. This is further examined later in the paper.
Hypothesis 2:
The tremor induced by increased sensorimotor loop delay is independent of the initial condition and small external excitations, and has stable limit-cycle-type behavior. In other words, it should have a characteristic amplitude and frequency as long as the sensorimotor loop delay and the person in question remain the same. Saturation in the forward path of a closed-loop unstable linear system is known to result in limit-cycle 1 behavior [18] . To begin with, we consider phase plot of the simulationmodel-generated tremor signal, that is, the plot of angular velocity v/s angular acceleration (or the signal v/s its derivative). In this phase plot, as seen in Figure 4 , we observe that the response converges to a closed loop thus indicating the possibility of a limit-cycle behavior. We next try different initial conditions, some starting from inside the loop and some from outside the loop and observe that all of these trajectories with these different initial conditions converge to the same closed loop. These tests suggest that the oscillations and thus tremors are independent of initial conditions and perturbations and are primarily dependent on the time delay in the sensorimotor loop.
In the experimental setup, when we take a delay as 0.05 s and saturation limits -10 to 10 units, closed trajectories in the phase space (angular velocity/ angular acceleration) are observed. Figure 5 shows phase space trajectories for experiment with different initial conditions. It is clearly visible that different initial conditions end up to same closed trajectories. Thus these results confirms hypothesis 2.
The simulations and experiments together demonstrate that delay inducing instability resulting in limit-cycle oscillations is quite independent of plant and controller. While this is not a surprising result from a control-systems perspective, these confirmations show that it is plausible that tremors displaying similar features will be observed in varied PD patients and thus set the stage for answering question 3 later, and also establish credibility of using these simple simulations and experiments to gain further insights. The next section considers several clinically observed characteristic features of Parkinsonian tremor.
V. RELATIONSHIP WITH CLINICAL OBSERVATIONS
In this section, we try to explain the clinical observations through simulations and then attempt to see whether similar 1 A stable limit cycle is a closed trajectory in phase space having the property that all neighboring trajectories approach to it as time approaches infinity [8] . observations are seen in the experimental setups.
Clinical Observation 1: A patient trying to keep still (intended velocity=0) would exhibit limit cycle oscillations referred to as rest tremor [9] .
The simulation study also confirms the well-known propensity for the patients to experience tremors when they are consciously trying to keep still (rest tremor). This relates to the origin in phase space being an unstable equilibrium and thus any small perturbation can excite the self-sustained oscillations. This is evident from Figures 3 and 4 .
In the experimental setup, we observe that almost identical closed trajectories for different initial conditions with same delay and saturation level are obtained. The fact that identical closed-loop trajectories are obtained ( Figure 5 ) with no inputs (zero intended velocity), corroborates clinical observations 1.
Clinical Observation 2:
Tremors often disappear when large-scale voluntary motion is attempted. Further, tremor also disappear when patient suffering from the Parkinson's disease sleep or engage in engrossing mental activity [9] .
Simulations also show that when a significant intended velocity is used (large-scale voluntary motion), the tremor disappears. This can be readily explained as a nonlinear effect because the saturation in the loop can lead to amplitudedependent behavior and thus shows different behavior for very small amplitude or zero intended velocity versus large intended velocity. Further, it is also obvious that if the feedback path is disrupted then tremor disappears. This explains why a Parkinson's tremor disappears when patient is in sleep or engages in engrossing mental activity [11] as the sensory feedback would be cut off or at least weakened in such situations.
Next, in the servo position control experiment, we take a sinusoidal intended velocity of frequency 10 rad/s with amplitude 10 and 20 respectively. Figure 6 shows output velocity for two different values of amplitude. As seen from the Figure 6 , it is observed that the trace of tremor is still present while the amplitude is low (10) whereas for higher value of amplitude, trace of tremor disappears confirming clinical observation 2.
Clinical Observation 3:
As the disease progresses a decrease in frequency of tremor is observed [19] .
Since the premise in this work is that the increased sensorimotor loop delay is the distinguishing feature between PD patients and healthy individuals, we further argue that a progression of the disease could be equated to further increase in the sensorimotor loop delay and verify if increase in delay can cause a decrease in frequency of tremors. Simulation show that increase in the delay result in a decrease in the frequency of oscillation (tremor). From Figure 7 it is clear that there exist a inverse relationship between the loop delay and frequency of tremor. This confirms the clinical observation 3.
Clinical Observation 4:
The progression of the disease, which results in a decrease in the frequency, in turn results in an increase in the amplitude of tremor [19] .
To explain this, consider a simple oscillating signal such as a = sin(ωt) where ω is an angular frequency. Noting that its integral is v = −cos(ωt)/ω, it is obvious that for periodic oscillations the amplitude of the velocity signal is inversely proportional to the frequency of the acceleration signal. Here, since the amplitude of the acceleration signal is limited by the saturation levels, it is not surprising that for the same saturation level, the amplitude of velocity signal is higher for lower frequency oscillations and vice versa. Thus it corroborates with clinical observation 4.
For experimental validation, we take saturation level as -10 to 10 units and two various delays (0.03 s and 0.04 s) as shown in Figure 8 . It is clearly visible that as delay increases, frequency of oscillation decreases and the amplitude of oscillation increases. This confirms the clinical observations 3 and 4.
VI. LIMIT-CYCLE FEATURES
Based on the above observations, we further hypothesize that the existence and features of the limit cycle obtained can be employed to come up with possible diagnostic tools for Parkinson's disease. A key aspect of these diagnostic tools is also the ability to obtain a rough estimate of the time delay (sensorimotor loop delay), which has been established as an indicator of the severity of the disease, and thus may help optimize treatment strategies. In this regard, from Figure 9 and 10, we notice that qualitatively, the shape of the limit cycle is similar for various saturation levels but not for various delays. However the size of limit cycle is dependent on both saturation and delay. Hence we explore the idea of the area contained within the limit cycle and the aspect ratio of limit cycle as possible indicators of loop delay and in turn the presence of the disease and its severity.
A. Time delay Vs. Size of the limit cycle
Through these simulation, an increase in the area of limit cycle is observed with increase in time delay as seen in Figure  9 . An exponential relationship seems to exist between the delay and the area of the limit cycle. The aspect ratio of the limit cycle decreases as delay increase and therefore appears to have an inverse relationship with delay. For experimental tests, we take a saturation level to be -10 to 10 units and various delays as shown in Figure 10 . The values of the aspect ratio and the area of the limit cycle for a given delay are shown in table I. These results confirm the observation that the aspect ratio and the area of the limit cycle are both dependent on the delay. Further, as delay increases aspect ratio decreases and area of the limit cycle increases.
B. Saturation limits Vs. Size & shape of the limit cycle
When we keep the delay constant and vary the saturation levels (symmetric saturation), we observe that there is a direct relationship between saturation and area of the limit cycle as seen in Figure 11 . However, in case of the aspect ratio of the limit cycle, we find that the aspect ratio is approximately the same for various saturation levels (again seen in Figure 11 ) and hence appears to be independent of saturation.
For experiments, we take the delay as 0.05 s and various saturation levels as seen in the Figure 12 . It can be seen from the plot that the area of the limit cycle increases with saturation levels, but the aspect ratio of the limit cycle is approximately same for various saturation levels. The values of the aspect ratio and area of the limit cycle for the given saturation is shown in Table II . These results support the observation made on the features of the limit cycle obtained from the simulation results that aspect ratio is independent of the saturation levels and area is dependent on the saturation levels. Further, it is also interesting to note that when no saturation limits are applied, the response obtained roughly corresponds to the response with saturations limits of ±15 units. This again indicates that the equipment has an inherent saturation that produces the same effect and thus it is reasonable to assume that in a real patient, there is bound to be some physiological saturation that will provide the same effect. Similarly on rotary inverted pendulum system, it is observed that saturation does not affect the aspect ratio of the limit cycle but only affects the area, whereas the loop delay affects the area and aspect ratio of the limit cycle as seen in 
VII. DIAGNOSIS
The results thus far, suggest using the presence of limitcycle oscillations and the aspect ratio and area of the limit cycles as possibly robust indicators of the delay in the sensorimotor loop that can be explored for diagnosis purposes, both presence of disease and its severity. In addition to using the feature of the limit cycle, since it is an established fact that the frequency of Parkinson's tremor is 4Hz-6Hz, a spectral analysis of the tremor signal can also be used as an additional check. Thus, the envisioned diagnostic device would first check the frequency of the tremor and existence of limit cycles and then use area and aspect ratio of the limit cycle to determine the delay and thus indirectly the existence and severity of PD. The sequence of steps needed for diagnosis using above approach is outlined in Figure 15 .
A. Aspect ratio of the limit cycle
From the steady-state closed loop in the phase space, we compute the aspect ratio of the limit cycle. From this aspect ratio, we estimate a delay using a look-up table of aspect ratio for various saturations and delay computed ahead of time using simulations and data from patients. Figure 16 shows a 3-D plot of aspect ratio of the limit cycle as a function of saturation levels and delays. From this plot, it is clearly seen that aspect ratio is approximately same for the various saturation levels. Hence, the estimate of the delay range from the aspect ratio is insensitive to saturation levels. Through simulations, we also observe that the sensitivity of the aspect ratio and the area to variations in model parameters such as mass, length, is low as in most of the cases the variation due to these factors is about 5-6%.
B. Area of the limit cycle
While, aspect ratio alone may be sufficient to estimate the loop delay, at this moment, the robustness of using aspect ratio is still unclear and hence we explore an additional possibility of using the area of the limit cycle. Based on the steady-state closed loop in phase space, we compute the area of the limit cycle. From the area, a rough range of saturation and delay values can be estimated using a look-up table of area values for various saturations and delay computed ahead of time using simulations and prior data from patients.
At this point however, one hurdle is that multiple combinations of saturation and delay can yield the same area of the closed loop as seen in Figure 17 . For an example, one could obtain an area of 4 units with either a delay of 0.21s and saturation limits of -2.5N to 2.5N or with a delay of 0.4s and saturation limits of -1.5N to 1.5N. Although the same area is obtained for multiple combinations, the actual shape of the limit cycle is different for these different combinations of delay and saturation. Since the delay, and not the physiological saturation, has been established as the cause behind the tremor in the first hypothesis, we need to estimate the delay separately. Further analysis reveals that the saturation limits can be estimated by looking at the 4 corner points of the limit cycle, or more precisely the ordinates of the four corner points (as shown in the Figure 18 ). Once an estimated saturation level is available, the area of the limit cycle can directly lead to an estimate of the delay through the look-up table generated.
C. A Combined Approach using Maximum-Likelihood Estimation
Now, we may have two different estimates of delay from the above two approaches of using area and aspect ratio. To best utilize both these estimates, a maximum-likelihood estimate can be generated by combining both these estimates. To do this, one must quantify the uncertainty associated with each estimate. A rough idea of these uncertainties may be obtained through simulations and used in the maximumlikelihood estimate.
D. Progress Tracking
Irrespective of the uncertainties associated with some of the specific model details and saturation level, etc, one powerful application of these ideas is when the same diagnostic tests are repeated at regular interval (e.g. every three months) for progress tracking. By doing this, one can track the progress of the disease and judge the effectiveness of any treatment strategies. This approach ensures that even if the value of the delay is not estimated correctly due to unknowns such as saturation limits, or other parameters, the trends are captured correctly and thus help in optimizing treatment strategies.
VIII. DIAGNOSTIC DEVICE
Based on the methodology discussed in the previous section, an inexpensive diagnostic device can be envisioned. We explore two implementations of this diagnostic device, a separate inexpensive pocket device, and an implemented in a smartphone as a smartphone application.
A. Pocket Device
A simple pocket device, which contains an accelerometer or gyro sensor, microcontroller and a display, can be used as an inexpensive diagnostic discussed in sections VII. Here, the sensor is used to detect angular velocity and in turn angular acceleration. The microcontroller performs the computations and sends to the display the results including frequency of tremors, likelihood of having Parkinson's disease and its severity.
The angular velocity measured by the gyroscopes will be processed in the microcontroller as per the flowchart discussed in Figure 15 . Similarly, a device with accelerometers instead of gyroscopes could also be envisioned. A big advantage of such a device is its simplicity, cost, ease of use (can be used by untrained people and non-professionals). We implemented the above ideas, with the help of a microcontroller (Arduino Mega 2560), and a compact sensor (Triple Axis Accelerometer MPU 6050 (GY 521)) and other supporting components. This device has a light strap that will be attached to the hand of the patient as shown in Figure 19 . This strap contains the sensor which is then connected to the microcontroller that performs all the computations according to Figure 15 .
B. Smartphone Application
The same idea can be implemented on a smartphone application. In this, the patient can simply hold the smartphone in some predetermined configuration and the gyro sensor of a smartphone can be used to sense angular velocity, while the computations can be performed on the smartphone processor and the results immediately displayed on screen. The user Fig. 19 . A proof-of-concept prototype for a pocket device. In subsequent implementation, the wires may be reduced (and perhaps made wireless too) and smaller microcontroller can be used to obtain an extremely convenient portable device. 
IX. EARLY DIAGNOSIS
In this section, we will use a simple method to model the delay and then explore the idea that can be potentially used for early diagnosis of Parkinson's disease. A delay in the time domain can be represented as e −T d s in the frequency domain, where T d is the delay and s is the Laplace variable. One method to model the delay e −T d s is by using the Pade approximation [18] . A first order pade approximation of e −T d s is given by
Thus, the Pade approximation suggests that the delay can be viewed as approximately a non-minimum phase zero and a corresponding stable pole pair in the system. If the saturation is ignored for the moment, the loop transfer function of the servo position control experiment with the Proportional-Derivative controller and the delay is given by (as per Figure 1 )
10.38s + 519 s 2 + 7.89s .
Viewing T d as the variable parameters, and putting the characteristics equation in the root locus form, we get The root locus plot of the above equation (as T d varies) is shown in Figure 21 . From the root locus, it is obvious that as the delay T d increases, the closed loop poles move towards the RHP (and beyond a certain threshold goes unstable and induces oscillations). This fact can be potentially used for Early diagnosis of Parkinson's disease.
Since the Parkinsonian tremor appears to be arising from an instability, estimating the effective eigenvalues of the underlying dynamics will perhaps give us an idea about the presence of the disease and its severity. Further, this idea may also be used to detect Parkinson's disease (or propensity for the disease) before the onset of tremors. For instance, eigenvalues that are stable but close to imaginary axis may indicate the possibility of Parkinson's disease. Or if eigenvalues appear to be moving closer to the RHP over tests conducted over a period of time, then it may again indicate early development of Parkinson's disease. If successful, such an idea may help detect Parkinson's disease before any tremors are observed. To estimate the eigenvalues from motion of a body part, let's say an arm, a standard method such as Prony's method can be used. Prony's method estimates eigenvalues of the system dynamics by extracting complex exponential signal from time series data. Furthermore, similar to the previous discussion, once presence of the disease is detected, tracking the eigenvalues over time may also provide an idea about the progress of the disease.
1) Prony's Method: Prony's method [21] is essentially a decomposition of a signal with M complex exponentials assuming there are M signals present. The signal containing the complex sinusoids can be written as
This equation can be written as
where c i = A i e jθ i is the complex amplitude. There are 2M unknowns in the above equation, hence at least 2M data points are needed to solve this equation. After some manipulation, the above equations can be written in matrix form in terms of the unknowns a i as
where the unknown eigenvalues are the roots of the following equation with a i as the coefficients [21] 
Thus, once we solve for a i from (6), the eigenvalues can be computed from the above equation.
X. DISCUSSION
Although the delay appears to be the primary cause of the oscillations, we note that if the delay is below the threshold of causing instability-induced oscillation but the controller gains are increased, it may again lead to instability and consequently oscillations. It is however not clear if the controller or its gains change over time for a person. Furthermore, the observations with reaction time and sensorimotor loop delay appear to point towards the delay being the key aspect. Nevertheless, further studies and extensive tuning of the diagnostic tools are needed to explore these directions. Further, we have seen that decrease in the frequency of the tremor is also a result of an increase in the sensorimotor loop delay. Therefore, the frequency of the tremor can also be used as an additional parameter for tracking the progress of the disease.
The above simulation studies show that such simplistic diagnosis of Parkinson's disease may be plausible and feasible, but clearly an extensive study of data from real patients is needed to flesh out these ideas. These in-depth studies will not only help validate some of the hypotheses, but also help characterize the feasibility, robustness, and accuracy of such a methodology and device.
We also note here that although simple computer programs or games can be designed to measure the reaction time of a person, it is not yet clear if such an approach would be reliable for diagnosis purpose as human adaptation may also be a factor in such an approach.
Finally, although we performed the analysis with the delay in the forward path (between the controller and plant) as indicated in Figure 1 , we note that the position of the delay in the sensorimotor loop doesn't affect the phase portrait and therefore our conclusions. To understand this, consider the case in which we have an additional delay (t d2 ) in the feedback path with delay (t d1 ) in the forward path. In this case, the output becomes, Y (s) = e −t d1 sG R(S), whereG = G(s) 1+G(s)e −t d s with t d = t d1 +t d2 . Note here that the nature of the response is determined byG which has the total delay in its denominator, while e −t d1 s only serves to shift the output Y (s). Therefore, in the phase space, the trajectories would only depend on the total combined delay in the sensorimotor loop and is unaffected by the actual positions of the delay elements. 
XI. CONCLUSIONS
In this paper, based on a control-system analogy, the possibility of using the presence of a limit cycle and its features for the diagnosis of Parkinson's disease was explored. First, the hypothesis that the Parkinson's tremor exhibits a limit-cycle-type behavior was leveraged to distinguish it from other tremors like essential tremors. A simple model of a closed loop feedback system involving components like a controller, transport delay, physiological saturation and body dynamics, was constructed and used for testing this hypothesis. These ideas were also confirmed through two table-top experiments. Further, ideas to exploit the existence and features of the limit cycle (area and aspect ratio in particular) to come up with possible diagnostic tools that may help optimize treatment strategies were explored. Based on this idea a methodology and an algorithm to estimate the transport delay in PD patients were proposed. This estimate in turn would be an indication of the severity of the disease. This paper also discussed the possibility of developing a low-cost diagnostic device and strategies for the same. These ideas appeared to show potential and future tests will help develop these ideas into a viable diagnostic device.
